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Paramagnetic molecules can show long spin-coherence times, which make them good
candidates as quantum bits. Reducing the efficiency of the spin-phonon interaction is
the primary challenge towards achieving long coherence times over a wide temperature
range in soft molecular lattices. The lack of a microscopic understanding about the
role of vibrations in spin relaxation strongly undermines the possibility to chemically
design better performing molecular qubits. Here we report a first-principles charac-
terization of the main mechanism contributing to the spin-phonon coupling for a class
of vanadium(IV) molecular qubits. Post Hartree Fock and Density Functional Theory
are used to determine the effect of both reticular and intra-molecular vibrations on
the modulation of the Zeeman energy for four molecules showing different coordination
geometries and ligands. This comparative study provides the first insight into the role
played by coordination geometry and ligand field strength in determining the spin-
lattice relaxation time of molecular qubits, opening the avenue to a rational design of
new compounds.
I. INTRODUCTION
Quantum information science deals with the represen-
tation, storage and processing of information by means
of a quantum mechanical system. The basic element is
the quantum bit or qubit, namely the quantum analo-
gous of the classical bit (0, 1). Quantum computation
exploits the quantum properties of the qubit, such as
superposition and entanglement, [1] providing an ideal
platform for improving algorithms’ efficiency. In particu-
lar, one can design a range of quantum algorithms, which
scale with the complexity of the problem in a much more
favourable way than their classical counterparts. Several
systems are currently investigated for the practical real-
ization of quantum devices. For example: superconduct-
ing circuits, [2] trapped ions [3] and polarized photons.[4]
Among the various physical systems with potential for
developing quantum technologies the spin, with its intrin-
sic two-levels qubit structure, occupies a special place.
Both nuclear spins[5] and electron spins,[6] as well as
electron-nuclear hybrid systems,[7, 8] can be exploited for
this purpose. Electron spins interact more strongly with
the environment, compared to the nuclear ones, and thus
they are easier to read out. In contrast, electrons have
shorter spin lifetimes and must be carefully protected
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from the environment, while keeping the possibility to
interact with each others. In practice three physical sys-
tems implement spin qubits: nitrogen-vacancy centres
in diamond (NVC),[9] atomic impurities in semiconduc-
tors, such as P implanted in Si,[10] and paramagnetic
molecules.[11–13] In contrast to solid-state spin qubits
based on dopant atoms, such as the NVCs, molecules
show a significant advantage, namely the chemical sys-
tems hosting the spin can be tailored to tune the quan-
tum properties and the coupling to other qubits. This can
create quantum platforms,[8, 14, 15] providing a bottom-
up route to large-scale quantum register fabrication.
A spin lifetime at least 104 times longer than the time
needed for an individual quantum operation[16, 17] rep-
resents the minimal requirement for the development of
a qubit. Accordingly, the figures of merit to consider in
the design of electronic spin molecular qubits are funda-
mentally two:[18] i) the longitudinal (or spin-lattice[19])
relaxation time, T1, which corresponds to the lifetime
of a classical bit; ii) the coherence (or spin-spin relax-
ation) time, T2, which is the time characteristic for a
spin to loose memory of a coherent quantum superpo-
sition state. In the last few years, remarkable results
have been achieved against both T1 and T2 by investigat-
ing mononuclear transition-metal complexes.[13, 18, 20–
28] These results place molecules containing light met-
als back in the quantum race. [29] Vanadium(IV)-based
complexes represent a promising class of compounds to
be used as fundamental components in quantum tech-
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2nologies. These spin 1/2 systems show long spin-spin
relaxation time T2, up to 1 millisecond at liquid helium
temperature, when complexed with nuclear-spin free lig-
ands and diluted in nuclear-spin free solvents.[30] This
property makes VIV-based compounds very attractive for
further development.
A common trend found in molecular spins[27, 31] is
the rapid decrease of T2 on raising the temperature, a
feature that limits their potential use at room temper-
ature. The interaction with lattice vibrations, typically
connected to the T1-type relaxation, also contributes to
the T2-type one and becomes the predominant relaxation
mechanism when increasing temperature.[24] In solids,
thermal motion is usually described by phonons, which
are energy quanta of lattice vibrations. Spin-lattice re-
laxation is caused by the absorption/emission of phonons
by the spin system. This process is possible due to the
presence of spin-orbit coupling,[32] an interaction that
couples atomic and spin degrees of freedom and enables
the energy exchange among the two systems.
Although the experimental investigations in this field
are numerous,[18, 26, 28, 31, 33] the theoretical descrip-
tion is still at an early stage.[14, 34–37] In particular,
the possibility to include molecules in a solid ab initio
computational framework has been made possible only
in the last few years, enabled by an extensive work of in-
tegration of density functional theory (DFT), post Hatree
Fock (postHF) methods and spin dynamics for the calcu-
lation of the dynamical magnetic properties of multi-spin
systems.
The present work introduces a comparative theoret-
ical investigation of the spin-lattice relaxation in four
VIV molecular complexes (Figure 1). In particular, we
have focused on penta-coordinated vanadyl (VO2+) and
hexa-coordinated VIV molecules, where the coordination
is obtained by cathecolate[31] and dithiolene[28] ligands,
namely [PPh4]2[VO(cat)2] (1), [PPh4]2[V(cat)3] (2),
[PPh4]2[VO(dmit)2] (3), [PPh4]2[V(dmit)3] (4) (cat =
catecholate, dmit = 1,3-dithiole-2-thione-4,5-dithiolate,
PPh4 = tetraphenylphosphonium). These complexes
have already experimentally shown to possess long co-
herence times and remarkable differences in the temper-
ature dependence of the spin-lattice relaxation time. Our
approach consists in modelling their magnetic properties
by first-principles, when perturbing the molecular struc-
tures along the normal modes of vibration, following a
strategy adopted in previous works.[34, 36] In order to
correctly account for the vibrational properties of solid
state systems, where intermolecular interactions become
relevant, DFT calculations are performed in the crys-
tal phase, in contrast to previous studies where the gas
phase was taken into consideration.[34] The quality of
our computed vibrational properties is ascertained by IR
vibrational spectroscopy in the THz range. The informa-
tion extracted from DFT and post Hartee-Fock methods
together provide a fingerprint description of the inter-
action between vibrations and magnetism, and directly
correlate to the structure of each compound. The corre-
lation found between the spin-phonon interaction ampli-
tudes and experimental spin-lattice relaxation times for
the four compounds is then discussed.
II. METHODS
A. Vibrational properties calculations
The simulations of the crystals’ vibrational properties
are performed with a Gaussian and plane waves (GPW)
formalism as implemented in the Quickstep module[38]
of the CP2K[39, 40] package. The GGA[41] functional in
the Perdew-Burke-Ernzerhof approximation[42] (PBE)
is chosen for all the calculations. Van-der-Waals inter-
actions are taken into account with the non local rVV10
correction scheme.[43] The calculation of the Hessian ma-
trix is performed by finite differences, the Hessian matrix
is symmetrized averaging it with its transpose and the
acoustic sum rule is applied to impose the translational
invariance.[44] Each atomic coordinate is displaced by
±0.01A around the equilibrium configuration, and such
displacements are used to compute energies and forces.
When displacing the atoms we have taken into account
the crystal’s symmetries and only inequivalent displace-
ments have been considered (see Figure S1 in Supple-
mentary Information - SI). The exploitation of symme-
try allows us to reduce the computational overheads by
a factor of four for all the systems considered. The diag-
onalization of the Hessian matrix provides the phonons
frequencies, ωα (Table S1 in SI), and the normal modes
of vibrations, qα. The latter are stored in the columns of
the Hessian’s eigenvectors matrix L.
B. Spin-phonon coupling coefficients calculations
The calculation of the spin and the spin-phonon
Hamiltonian parameters has been carried out with the
ORCA[45, 46] package. The level of theory used is Com-
plete Active Space Self Consistent Field plus second order
perturbation theory (CASSCF+NEVPT2), with a def2-
TZVP basis set for V, O and S, whereas def2-SVP is used
for C and H. The active space includes one electron and
the five d-orbitals of the molecule. The molecular geome-
try used for these simulations is obtained by the periodic
DFT calculation for the optimized crystal cell.
The calculation of the spin-phonon coupling coeffi-
cients is performed following a tensor differentiation
procedure as described in a previous report on Single
Molecule Magnets (SMMs).[36] This procedure is here
applied to the Lande´ g tensor that describes the coupling
between the spins and an external magnetic field. Each
element of the Lande´ tensor of the equilibrium structure
(indicated by the subscript 0) is differentiated with re-
spect to the 3M atomic Cartesian positions (∂g/∂X)0,
where M is the number of atoms in the molecule, in-
stead of the 3N unit-cell vibrational coordinates, qα, [37]
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FIG. 1. Molecular structures of the dianionic complexes 1-4 with the first coordination sphere atom labelling scheme.
(see Figure S2 in SI). This approach requires a number
of g-derivatives equal to 3M = 78, instead of 3N = 1392
for [VO(cat)2]
2-, and 3M = 111 instead of 3N = 1524 for
[V(cat)3]
2- (see Table I). The g tensor is calculated for six
displaced geometries (±0.0050A, ±0.0075A, ±0.0150A)
around the equilibrium configuration for the 3M molec-
ular coordinates. The g-versus-displacement curves are
then fitted to a second order polynomial expression (see
Figs. S3 and S4 in the SI for a demonstration of the fit
quality).
The Cartesian derivatives of the g tensor are used to
compute two important parameters: the average molecu-
lar spin-phonon coupling, |∂g|, and the phonon-projected
spin-phonon coupling coefficients, (∂g/∂qα)0. The form-
ers are defined as,
|∂g| =
M,3∑
lv
3∑
jr
∣∣∣∣( ∂gjr∂Xlv
)
0
∣∣∣∣ , (1)
where the index l runs over the number of atoms in the
molecule and v runs over the cartesian coordinates. The
phonons projected spin-phonon coupling coefficients are
instead defined as( ∂g
∂qα
)
0
=
3M∑
i
√
~
ωαmi
Liα
( ∂g
∂Xi
)
0
, (2)
where the index α runs over the normal modes, the index
i over the 3M molecular degrees of freedom and Liα is
the Hessian’s eigenvectors matrix.
C. Experimental
Compounds 1-4 were prepared as described in the
literature.[28, 31] THz spectra were measured by time-
domain transmission spectroscopy using a table-top ex-
perimental set-up equipped with optical laser pulses
(T-light 780 nm fiber laser, MenloSystems) and low-
temperature GaAs photoconductive antennas. Low tem-
peratures measurements are allowed by means of a
closed-cycle Helium cryostat in the temperature range
from 10 to 300 K. The developed acquisition procedure
enables to achieve a signal-to-noise ratio higher than
what is commonly achieved in standard far-infrared in-
vestigations. The accurate analysis of the data enables to
disentangle the signals from spurious contributions com-
ing from multiple reflections. The detailed description
of the experimental set-up and of the material param-
eters extraction procedure (i.e. absorption coefficient,
refractive index) is reported elsewhere.[47, 48] The spec-
tra were measured in pellets of 13.2 mm diameter and
thickness of about 0.7 mm. These were made by pressing
under a manual hydraulic press (∼ 0.8 GPa) a mixture
of microcrystals and polyethylene powder (Merck).
III. RESULTS
A. Spin-phonon dynamics theory
If we limit ourselves to the study of spin dynamics in
the presence of an external magnetic field, B, the spin
Hamiltonian of an |S|=1/2 system will only contain the
Zeeman term,
Hs = µBB · g · S , (3)
where µB is the Bohr magneton and g is the Lande` ten-
sor. The hyperfine and spin-spin dipolar interactions
have been neglected in Equation 3 because in high fields
their matrix elements are negligible.
When dealing with relaxation properties, it is neces-
sary to introduce in the description the effects of the en-
vironment on the dynamics of the system described. For
this we need an open quantum systems formalism.[50]
Here the spin system interacts with an environment made
of the crystal’s phonons. Their Hamiltonian, describing
the normal modes of vibration, is obtained as the second-
order Taylor expansion of the nuclei potential energy sur-
face and reads
Hph =
∑
α
~ωα(nα +
1
2
), (4)
4TABLE I. Collection of structural data obtained from single crystal X-ray diffraction[28, 30, 49] and from theoretical calcula-
tions.
1 2 3 4
Molecule [VO(cat)2]
2- [V(cat)3]
2- [VO(dmit)2]
2- [V(dmit)3]
2-
Counter-ion 2×[PPh4]+ 2×[PPh4]+ 2×[PPh4]+ 2×[PPh4]+
Molecule Atoms (M) 26 37 18 25
Crystal Cell Atoms (N) 464 508 432 460
Crystal System monocline monocline monocline monocline
Spatial Group P21/c C2/c C2/c P21/c
Site symmetry (Z) 4 4 4 4
exp. sim. exp. sim. exp. sim. exp. sim.
Cell Volume, A3 4734.95 4477.07 5015.83 4758.34 5346.43 4941.81 5744.23 5428.57
a, A 13.25 12.95 15.31 14.99 20.47 19.62 24.57 24.10
b, A 12.25 11.95 13.23 13.16 12.73 12.29 13.81 13.69
c, A 29.19 28.96 25.32 24.55 20.60 20.53 18.13 17.56
β, deg. 92.80 92.58 102.02 100.87 95.29 93.33 111.01 110.39
V–L, A (av.) 1.973 1.974 1.946 1.959 2.387 2.382 2.386 2.373
V=O, A (av.) 1.614 1.640 – – 1.594 1.621 – –
where nα = a
†a is the phonon density operator, a† and a
the creation and annihilation operators. In first approxi-
mation, assuming a weak coupling between the phonons
bath and the spin degrees of freedom, the spin-phonon
coupling Hamiltonian can be taken as linear in the ionic
displacement
Hs-ph =
∑
α
(
∂Hs
∂qα
)
0
qα . (5)
The spin dynamics can then be described by the Red-
field equations,[51] where the reduced spin density ma-
trix, ρS(t), evolves in time because of the interaction with
phonons
dρSaa(t)
dt
=
2
}2
∑
α
∑
b
M αabρ
S
bb(t),
M αab = −
∑
j
V αajV
α
jbG(ωjb , ωα) + |V αab |2G(ωba , ωα), (6)
where G(ωij , ωα) is the Fourier transform of the phonon
correlation function and it is defined as
G(ωij , ωα) = δ(ωij − ωα)n¯α + δ(ωij + ωα)(n¯α + 1) . (7)
Here n¯α = 1/(e
}ωα
kT − 1) is the phonon occupation num-
ber, according to Bose-Einstein statistics, and V αab =
〈a|∂Hs∂qα |b〉 is the matrix element of the spin part of the
spin-phonon coupling Hamiltonian, Hs-ph, evaluated be-
tween two eigenfunctions, |a〉 and |b〉, ofHs. The approx-
imations involved in this approach have been discussed
elsewhere.[36] Understanding the interactions contribut-
ing to V αab is the main focus of this work.
In order to understand the origin of the spin-phonon
coupling is necessary to discuss the nature of the spin
Hamiltonian that enters in Equation 5. The anisotropy
of the spin Hamiltonian through the g tensor represents
the fingerprint of the spin-lattice interaction, which is
mediated by the presence of the spin-orbit coupling.[52,
53] Let us show explicitly the contribution of the g tensor
to the spin-phonon coupling Hamiltonian
Hs-ph =
∑
α
∑
jr
µBSˆjBr
(
∂gjr
∂qα
)
0
qα. (8)
Estimating Hs-ph thus requires the calculation of the
derivatives of g with respect to the structural perturba-
tions and the calculation of the periodic crystal’s normal
modes.
B. Structural and vibrational properties
The procedure outlined in the Computational Methods
section has been employed for the 1-4 crystal structures,
whose details are summarized in Table I and Figure S5
in the SI. The coordination geometries around the metal
centres are square pyramidal, for the penta-coordinate
compounds (1,3), and trigonally-distorted octahedral for
the hexa-coordinate ones (2,4). It is worth noting that
the metal–ligand (V–L) distances in sulphur-containing
ligands are longer than those of the oxygen ones (Table I),
consistent with the difference in atomic radius between
O and S.
The starting point for understanding the effects of the
first coordination shell on the spin-relaxation properties
is the analysis of the crystal vibrations. One crystal-
lographic cell (Γ-point approximation) is optimized and
the Hessian matrix is calculated numerically. This gives
3N−3 optical modes. Limiting our study to the Γ-point,
the 3 acoustic modes have all ωα = 0.[44]
Experimental far-infrared (IR) THz spectroscopy as a
function of temperature with a spectral window between
15 to 120 cm-1 is employed here to support the quality of
our simulations for complexes 1-4 (see Fig. 2). The low-
est temperature spectrum (10 K) shows an overall good
agreement with our simulated spectra. A temperature
5FIG. 2. Experimental and simulated THz spectra for compounds 1-4. The former are measured at several temperatures
between 10 and 300 K for powder-like samples embedded in polyethylene.
increase causes a red-shift of some vibrational modes be-
cause of the presence of anharmonic interactions together
with the softening of the crystal lattice. Simulations cor-
responding to 0 K, indeed, show blue-shift with respect to
the experimental lowest-temperature spectra. The first
calculated vibrations occur at 13.3 cm-1 for 4 and 18.5
cm-1 for 3, while at 27.6 cm-1 for 2 and 20.7 cm-1 for 1.
Dithiolene compounds show vibrations at lower frequen-
cies with respect to the cathecolate ones, probably be-
cause of the larger radius of first coordination sphere and
the higher atomic weight of sulfur. Accordingly, longer
bond lengths are generally associated to softer bonds and,
therefore, to lower vibrational frequencies.
A deconvolution of the vibrational modes in molecu-
lar translations, molecular rotations and intra-molecular
motions, has been performed following the method out-
lined in previous works,[44, 54] and the results are shown
in Figure 3. The low-energy modes are dominated, for
all compounds, by rigid translations and rotations of the
molecule in the crystal, but internal contributions are
also present and become the dominant ones on increasing
the modes energy. The calculated decomposition shows,
for hexa-coordinate compounds, an higher average in-
ternal contribution. Among the hexa-coordinate, the
cathecolate compound shows a reduced rotational con-
tribution (see blue lines in Fig. 3).
C. Spin-phonon coupling analysis
Table II shows the calculated and experimental g-
values. The deviation of g from the free electron value of
2.0023 is caused by the presence of spin-orbit coupling.
In general, a good agreement between experimental and
theory is observed and the trend in magnitude among the
different molecules is correctly reproduced. Table II also
reports the averaged molecular spin-phonon coupling co-
efficients, as defined in the Computational Methods sec-
tion. These parameters represent the sum of every atomic
contribution to the spin-phonon coupling and allow us
to define dynamical magneto-structural correlations. It
should be noted that the differences in the average spin-
phonon coupling across the series can be due to both
the chemical nature of the ligand and the coordinating
geometry around the metal centre. For complexes with
FIG. 3. The total molecular displacement associated to nor-
mal modes with frequency in the range 0–150 cm-1 is decom-
posed in intra-molecular motion (red), motion associated to
molecular rotations (blue) and motion associated to molecular
translations (yellow).
the same ligand, the g tensor elements are less perturbed
in the pyramidal coordination with respect to the octa-
hedral one. When comparing complexes with the same
coordination geometry but different ligands, it appears
that a stronger effect on the spin-phonon coupling is ob-
served, with the cathecolate being more prone to g tensor
perturbations than the dithiolene ones.
In order to explain these features it is important to
correlate the g-tensor anisotropy and how this is mod-
ified by atomic displacements, i.e. g and |∂g|. These
two quantities show the same trend across the series of
molecules investigated as a consequence of a common mi-
croscopic origin, namely the magnitude of orbital angu-
lar momentum in the ground state.[55] This quantity,
accessible from our ab initio calculations, can be conve-
niently estimated from the magnitude of the 3d orbitals
energy splitting,[55] showed in Figure 4 for the com-
pounds 1-4. The first excited-state splitting, calculated
by CASSCF+NEVPT2, shows a good correlation with
both the g factors (Table II) and their derivatives, where
6TABLE II. Best fit parameters extracted from simulation of
the experimental CW-EPR X-band (ca. 9.7 GHz) spectra
and CASSCF simulation results from optimized equilibrium
geometry of 1-4.[28, 31]
1 2 3 4
[VO(cat)2]
2- [V(cat)3]
2- [VO(dmit)2]
2- [V(dmit)3]
2-
Experimental Parameters (room T)
gx 1.980(1) 1.945(1) 1.986(1) 1.961(1)
gy 1.988(1) 1.945(1) 1.988(1) 1.971(1)
gz 1.956(1) 1.989(2) 1.970(1) 1.985(1)
Simulated Parameters (0K)
gx 1.978(1) 1.906(1) 1.987(1) 1.943(1)
gy 1.984(1) 1.914(1) 1.988(1) 1.956(1)
gz 1.935(1) 1.997(1) 1.953(1) 1.997(1)
Average Spin-Phonon Coupling
|∂g| 1.5456 6.1460 0.3838 2.5774
larger g-shifts and g derivatives correspond to smaller
∆E. Interestingly, oxygen ligands yield a smaller split-
ting of the electronic states with respect to the sulphur
ones.
FIG. 4. CASSCF + NEVPT2 calculated energy ladder of the
3d valence shell of the four compounds analysed.
Although useful to understand general trends, the
average spin-phonon coupling coefficients |∂g| do not
provide any information concerning the temperature at
which specific atoms will start vibrating. This infor-
mation can be obtained from the study of the spin-
phonon coupling coefficients projected on the normal
modes, as displayed in Figure 5a and 5b as a function
of the phonons’ vibrational frequency. The overall be-
haviour of the spin-phonon coupling follows the one ob-
served for |∂g|, that is the strength of the coupling and
ranks the molecules in the following order 3 < 1 < 4 < 2.
Thus, the spin-phonon coupling in vanadyl compounds
is weaker than that in hexa-coordinated molecules. Fur-
thermore, cathecolate ligands offer a stronger coupling
a b
FIG. 5. Left panel: spin-phonon coupling coefficients in the 0-
300 cm-1 range for the four analysed compounds. A Gaussian
line shape was applied to each harmonic normal mode, con-
sidering a width parameter equal to 2 cm−1. Right panel: su-
perposition of the first modes coupling coefficients with same
Gaussian line broadening.
than dithiolenes. The presence of different donor atoms
has different effects on the low and high energy ranges
of the vibrational spectrum. Indeed, dithiolene ligands,
which exhibit a more diffuse coordination sphere due to
the softer nature of S, show i) the presence of several nor-
mal vibrations at lower frequencies, ii) a weaker pertur-
bation of the spin states by vibrational modes, as shown
by the lower spin-phonon coupling amplitudes (see Table
S1 in SI). The second effect is visible in the higher en-
ergy vibrations, suggesting a ligand dependence of τ vs.
temperature.
IV. DISCUSSION
On the basis of the results obtained for the spin-orbit
coupling projected onto the normal modes, it is now pos-
sible to draw some considerations regarding the experi-
mental trends of the spin-lattice relaxation. Our method-
ology only includes the spin-phonon coupling originating
from the modulation of the Zeeman energy by vibrations
and, as discussed before, only the high-field regime can
be considered. Figure 6a shows the field dependence of
the relaxation time for the four compounds. This is char-
acterized by a wide plateau at intermediate field values.
We then fix the field at 1T and monitor the relaxation
time as a function of temperature (Figure 6b). At this
field the contribution to the relaxation coming from the
hyperfine and dipolar interactions are expected to be re-
duced so that the spin-relaxation times can be correlated
to our calculated spin-orbit coupling parameters.
Figures 6a and 6b show that at low temperature cate-
cholate complexes relax slower than the dithiolene ones.
This is consistent with the first vibrational modes struc-
ture of both compounds. Then, we note that molecules
7a b
FIG. 6. Spin-lattice relaxation time extracted from AC sus-
ceptometry measurements as a function of the external mag-
netic field (left) and temperature (right) for compounds 1-4.
Data have been taken by previous works.[28, 31]
presenting hexa-coordination relax faster than those with
penta geometry, regardless of the chemical nature of the
ligands.
Turning to the comparison of the relaxation time
among iso-ligand species, we note that 2 relaxes faster
than 1 in virtue of a much stronger spin-phonon cou-
pling. This suggests that the spin-phonon coupling in-
tensity and the structural rigidity, here assumed propor-
tional to the frequency of the first Γ-point vibration, play
together in determining the spin-lattice relaxation time.
This picture is confirmed by the behaviour of the relax-
ation times when the temperature increases and higher
energy modes become populated. The τ of molecule 3 de-
cays with temperature at a much slower pace than that
of 1 and 2, and in fact there is a cross-over between
the relaxation times of 2 and 3 at around 30 K, with
another one between 1 and 3 expected at higher temper-
atures. This experimental feature correlates well with
the weak spin-phonon coupling observed over a wide fre-
quency range for 3, when this is compared to that of 1
and 2.
Concerning compound 4, the AC susceptibility is mea-
surable only in a quite limited temperature range, so
that little conclusions can be drawn. However, previous
pulsed electron paramagnetic resonance (EPR) investi-
gations of crystalline compounds, diluted in diamagnetic
analogues, have revealed that the coherence time of 4 col-
lapses at ∼100 K as the result of a sharp decay of T1 for
temperatures above 30 K.[28] This observation correlates
with the calculated spin-phonon coupling (Figure 5). In
fact, spin-phonon couplings comparable between 3 and
4 are observed in the low-frequency range, while in the
high-frequency one molecule 4 presents larger couplings.
At high temperature, as the high-energy modes become
more occupied, a significant enhancement of the spin-
lattice relaxation in 4 is therefore expected. The ampli-
tude of the calculated spin-phonon coefficients correlates
with the measured temperature behaviours over a wide
vibrational energy range, showing that the magnetiza-
tion dynamics is determined by both the efficiency of the
spin-phonon coupling as well as the vibrational density
of states.
V. OUTLOOK
The development of a rationale for the chemical design
of new molecular qubits must proceed through the under-
standing of the correlations between the spin-phonon dy-
namics and the chemical identity of the molecular units.
Our first-principles study of four different compounds
made it possible to disentangle different contributions to
the spin-phonon coupling and connect them to chemical
features. The analysis of the derivatives of the g ten-
sors highlights the importance of several factors, both
intrinsic and extrinsic. The study of the molecular aver-
aged spin-phonon coupling |∂g| identifies the importance
of intrinsic factors such as the efficiency of the spin-orbit
coupling in the electronic ground-state. This quantity de-
pends dramatically on structural features, such as the co-
ordination geometry and the ligands field strength. The
sensibility of the spin-phonon coupling on such structural
features makes the design of new ligands, able to stabilize
specific electronic ground states, a promising approach
to new molecular qubits. From a theoretical perspec-
tive our finding open the way to a systematic study of
the connection between coordination geometry and lig-
ands types with the spin-phonon coupling intensity. The
correlation between structure and spin-phonon coupling
is complex in nature and first-principles calculations are
the only way to quantitatively unveil it. However, the
average magnitude of the spin-phonon coupling has been
found to correlate with experimentally accessible physi-
cal quantities as the static g-shift and the energy of the
first excited electronic state. This suggests an easy and
qualitative way to experimentally assess the potential of
a magnetic molecule to function as a qubit.
All these intrinsic factors must be optimized together
with extrinsic factors, such as the composition and the
energy of the phonons determined by the supramolecular
arrangement. Such quantities do not only depends on
the molecular features and include the effect of the retic-
ular environment. The suppression of intra-molecular
and rotational contributions to the vibrations at low en-
ergy and the reduction of the phonon density of states
in the same energy window has a remarkable effect on
spin relaxation, as suggested by the behaviour of 2 at
low temperature. The spin in this molecule, by virtue
of a higher rigidity, relaxes slower than in 3 and 4 at
low temperature, regardless of the higher spin-phonon
coupling. This suggests that the role of extrinsic effects
is strong enough to compensate large spin-phonon cou-
plings. These extrinsic factors can be tuned following two
possible strategies: by stiffening the metal-ligand bonds
and by tayloring supramolecular structures where the
8intra-molecular contribution to the normal modes is re-
duced and the phononic structure is modified and shifted
at higher frequencies.[56]
In conclusion, the results of our comparative first prin-
ciples investigation open new pathways for the rational
design of molecular qubits based on the combination of
the coordination geometry and ligang field with crystal
engineering.
SUPPLEMENTARY MATERIAL
Supplementary materials contain the representation
of crystallographic cells, atomically projected cartesian
spin-phonon coupling coefficients, vibrational density of
states, fitting of spin-phonon coupling coefficients and list
of vibrational frequencies with the corresponding spin-
phonon coupling norm value.
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Crystallographic cells
1. [PPh4]2[VO(cat)2]
2. [PPh4]2[V(cat)3]
3. [PPh4]2[VO(dmit)2]
4. [PPh4]2[V(dmit)3]
Figure S1 Left column: orthographic projections of the crystallographic cells. Right column: orthographic projections of asym-
metric units (or unit cells) of the four analysed compounds. Tetraphenylphosphonium cations were drawn with thin lines for
clarity.
2
Mean square cartesian derivatives
Derivatives arising from the three degrees of freedom of one atom (v) and from each of the nine components of the g-tensor
(jr) have been summed together in single bars in the graph, according to the equation:
3
∑
jrv
∣∣∣∣ ∂gjr∂Xlv
∣∣∣∣2 (1)
This is an evidence of different effects of geometric perturbations on the l-th atom of the four systems.
Figure S2 l-th atom mean square cartesian derivatives of Landè factor. Only central atom and first coordination shell is shown
for the 1-4 compounds. Here L stands either for O or S, see Figure 1 for labeling. The derivatives smaller than a fixed cutoff
(1×10−4) were not considered in the graph.
3
Spin-Phonon coupling coefficients
Figure S3 Spin-phonon coupling coefficients are defined as the first order derivatives of the spin Hamiltonian parameters with
respect to the normal mode of vibrations ∂g jr/∂Xlv. The strategy we employed to compute them starts with the evaluation of
the numerical g tensor derivatives with respect to the cartesian coordinates of compounds 1-2. The resulting points calculated
have then been interpolated with a second order polynomial expression (bx2 + ax+ c = y) in order to estimate the linear terms,
that correspond to the ∂g jr/∂Xlv coefficients. Here we would like to report a few examples to show the details of the method.
Graphs reports the scanning of the nine independent gjr elements along the α-th degree of freedom, x.
4
Figure S4 Spin-phonon coupling coefficients are defined as the first order derivatives of the spin Hamiltonian parameters with
respect to the normal mode of vibrations ∂g jr/∂Xlv. The strategy we employed to compute them starts with the evaluation of
the numerical g tensor derivatives with respect to the cartesian coordinates of compounds 3-4. The resulting points calculated
have then been interpolated with a second order polynomial expression (bx2 + ax+ c = y) in order to estimate the linear terms,
that correspond to the ∂g jr/∂Xlv coefficients. Here we would like to report a few examples to show the details of the method.
Graphs reports the scanning of the nine independent gjr elements along the α-th degree of freedom, x.
5
Density of states
1. [PPh4]2[VO(cat)2] 2. [PPh4]2[V(cat)3]
3. [PPh4]2[VO(dmit)2] 4. [PPh4]2[V(dmit)3]
Figure S5 DFT calculated Density of States (DOS). The red graph shows the sum of squared atomic normal modes coefficients
of the whole crystallographic cell. The yellow graph shows the sum of squared atomic normal modes coefficients of the four
molecules in the crystallographic cell, neglecting the counterions contribution. The blue graph shows the sum of squared
atomic normal modes coefficients of the four vanadium atoms in the crystallographic cell. All the coefficients are referred to a
non mass-weighted basis set. Normal modes characterized by vanadium atom coefficients are predominantly the low energy
ones, as noticeable from the blue graphs.
6
Low energy phononic structure and spin-phonon coupling coefficients
This analysis grounds on projection of the tensor norm,
∣∣∣∣ ∂gjr∂Ulv
∣∣∣∣ on the cell normal modes through the equation:
∂gjr
∂qα
=
M
∑
l=1
3
∑
v=1
∂Ulv
∂qα
∂gjr
∂Ulv
, where the index α runs on 3N normal modes, l on M atoms of the single molecule, v on the three
spatial directions (x, y and z) and the couples j,r fix the nine components of the g-tensor. In the table
∂g
∂qα
=∑
jr
∣∣∣∣∂gjr∂qα
∣∣∣∣2 and
the modes corresponding to α = 1,2,3 have zero energy in Γ-point approximation.
Table S1 Calculated frequencies and spin-phonon coupling coefficients.
1 2 3 4
[VO(cat)2]2- [V(cat)3]2- [VO(dmit)2]2- [V(dmit)3]2-
α ωα ∂g/∂qα ωα ∂g/∂qα ωα ∂g/∂qα ωα ∂g/∂qα
4 20.644 1.0232E-007 27.588 8.4269E-007 18.463 3.4499E-007 13.292 1.1974E-007
5 21.351 8.2370E-008 28.176 1.1060E-006 19.836 5.8242E-008 15.658 7.7764E-007
6 21.505 8.8421E-008 29.209 5.5647E-007 20.316 2.3428E-008 17.895 1.5743E-007
7 22.084 1.7291E-007 29.965 1.7908E-007 20.541 2.1337E-008 20.696 1.7171E-007
8 28.053 1.0491E-007 30.669 1.1924E-006 25.496 2.3707E-008 21.313 1.0559E-007
9 30.474 7.4614E-008 32.206 1.5491E-007 26.694 3.0795E-007 23.113 8.4825E-008
10 32.853 2.5674E-008 33.744 6.3687E-007 27.099 9.1979E-008 25.473 9.3823E-008
11 33.178 6.6524E-008 34.335 6.8184E-007 27.244 1.0867E-007 26.949 8.6910E-008
12 35.909 4.1882E-008 34.377 5.2532E-008 29.350 2.5773E-008 26.999 3.1285E-008
13 35.945 1.7127E-007 39.203 2.7567E-007 32.188 4.6094E-008 27.476 1.0124E-007
14 39.314 4.2565E-007 39.457 6.3363E-007 32.599 1.4789E-007 29.162 2.8372E-007
15 39.493 1.9057E-007 40.530 3.1455E-007 32.939 8.5301E-008 29.289 2.3960E-007
16 39.942 6.3083E-008 41.382 9.3644E-007 33.386 3.5222E-008 30.086 3.4832E-007
17 41.292 2.0550E-007 42.796 2.6685E-008 33.753 7.0698E-008 30.665 3.6759E-007
18 42.617 3.4396E-008 42.931 1.9223E-007 33.964 5.7179E-008 30.840 7.5535E-008
19 43.774 9.1177E-008 42.978 5.2649E-007 35.442 1.0198E-007 32.998 3.2151E-007
20 44.954 7.4093E-007 43.630 3.1546E-007 36.214 2.7939E-008 35.252 8.9736E-007
21 45.593 2.0271E-007 45.104 1.5048E-006 36.882 1.0122E-007 35.270 3.7876E-008
22 47.079 9.2674E-008 45.113 8.8613E-007 38.130 2.0633E-008 36.449 3.6949E-007
23 47.320 1.4246E-007 45.317 5.8062E-007 39.383 3.3704E-008 37.675 1.1736E-007
24 48.050 8.6148E-008 46.939 6.1140E-007 39.550 8.1955E-008 38.316 8.3939E-008
25 48.624 1.1932E-007 49.078 1.1769E-006 40.751 4.4798E-009 38.915 8.4889E-008
26 49.569 3.5097E-007 50.823 4.9824E-007 41.132 5.7073E-008 39.226 1.2293E-007
27 49.871 1.0348E-007 51.869 2.5414E-007 41.234 2.7436E-008 39.497 1.2127E-007
28 50.894 3.0711E-007 52.226 2.8533E-007 41.837 1.4060E-008 40.445 6.5701E-007
29 51.259 3.5777E-008 52.754 9.1620E-008 45.234 1.7890E-007 41.601 1.0834E-007
30 51.598 9.5083E-008 53.725 1.5898E-006 45.572 5.2361E-008 42.548 7.6473E-008
31 52.586 4.8449E-007 53.960 5.0974E-007 46.155 7.1211E-008 42.987 6.0444E-008
32 54.262 2.3026E-007 54.089 7.9394E-007 47.078 8.7693E-009 44.026 3.1953E-007
33 54.293 2.0403E-007 54.332 5.1476E-007 47.423 1.3398E-007 44.035 9.6114E-008
34 54.647 1.2787E-008 55.327 1.9838E-007 47.812 4.8163E-008 45.266 1.9130E-007
35 54.750 1.9265E-007 56.541 8.3599E-008 48.547 2.1446E-008 45.559 5.2075E-008
36 55.468 3.3186E-007 56.822 7.5422E-007 48.563 5.9456E-008 45.719 7.9977E-008
37 55.749 5.0054E-008 57.314 6.5367E-008 49.341 4.6502E-008 45.763 2.7718E-007
38 56.312 2.7093E-007 57.383 5.5030E-007 49.558 1.5423E-007 46.878 8.3255E-008
39 56.924 8.6275E-007 57.873 6.7987E-007 49.916 6.2783E-008 47.199 1.0246E-007
40 58.435 3.7144E-008 58.318 7.6302E-007 50.661 8.2048E-008 49.071 1.3661E-008
41 59.340 6.9049E-008 58.339 3.7614E-007 51.313 3.4277E-008 49.515 3.7234E-007
42 60.059 1.3516E-007 59.615 1.5316E-007 51.538 3.9523E-008 50.004 1.0452E-007
43 60.336 9.2068E-008 61.103 1.0967E-007 52.037 4.4071E-008 50.101 3.5223E-007
44 61.174 4.6134E-008 61.158 1.6413E-008 52.182 6.9512E-008 51.297 9.0644E-008
45 62.058 1.4565E-007 61.330 1.3014E-007 53.498 5.9477E-008 51.659 5.3504E-008
46 63.828 4.5577E-008 61.387 2.3300E-007 54.240 4.9551E-009 51.917 1.5877E-007
47 63.867 1.3820E-007 61.652 1.1789E-007 55.117 1.8928E-008 52.663 7.2706E-009
48 65.252 2.2432E-007 63.457 7.8931E-007 55.445 2.3713E-008 53.134 1.3853E-007
49 65.345 9.5963E-008 63.747 4.6314E-007 55.807 7.4976E-008 54.201 7.1690E-008
50 65.804 7.9840E-008 64.264 5.3866E-007 56.223 1.8121E-008 54.374 6.1649E-008
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Calculated frequencies and spin-phonon coupling coefficients - continued.
1 2 3 4
[VO(cat)2]2- [V(cat)3]2- [VO(dmit)2]2- [V(dmit)3]2-
α ωα ∂g/∂qα ωα ∂g/∂qα ωα ∂g/∂qα ωα ∂g/∂qα
51 66.360 7.7333E-007 65.471 2.5984E-007 56.693 6.6835E-008 55.459 1.0351E-007
52 66.621 1.8625E-007 65.728 3.2692E-007 57.180 2.7339E-008 55.715 5.8494E-008
53 66.773 2.1934E-007 65.885 5.1765E-007 57.942 6.6987E-008 56.151 4.9083E-007
54 70.332 1.4267E-007 67.536 4.8555E-007 58.346 9.2155E-008 56.425 1.4421E-007
55 70.720 3.1728E-007 67.996 1.9353E-007 59.201 5.1890E-008 56.550 5.2619E-007
56 71.163 5.6629E-007 68.461 4.1400E-007 59.621 1.3411E-007 57.706 5.3909E-008
57 71.255 4.6811E-008 69.150 1.5603E-008 60.010 2.6316E-009 59.093 4.4491E-008
58 71.533 2.6501E-007 70.902 1.7979E-007 60.291 1.3141E-007 59.898 2.5507E-007
59 72.077 9.0718E-008 70.997 1.2877E-006 60.669 1.3346E-008 60.487 6.6417E-008
60 72.246 8.7471E-008 71.656 1.5903E-007 61.243 4.4730E-008 60.606 1.3367E-007
61 72.349 1.2347E-007 72.262 7.2610E-007 61.506 5.5195E-008 60.997 5.1360E-009
62 73.018 3.4721E-008 72.603 5.4286E-008 62.131 1.6983E-007 62.558 9.3394E-009
63 73.606 5.0101E-007 73.908 4.5065E-007 62.550 1.3069E-008 62.719 7.3922E-008
64 74.377 2.1201E-007 74.272 3.7883E-007 62.779 3.9172E-009 62.772 2.3832E-008
65 75.436 2.1108E-007 74.522 1.9208E-007 62.995 3.5947E-009 63.071 2.0524E-007
66 75.772 1.6148E-007 75.235 2.5083E-007 64.303 3.1505E-008 63.765 8.3914E-009
67 77.351 1.2148E-007 75.576 1.1575E-006 65.329 1.3923E-008 65.060 3.6975E-007
68 78.699 1.2696E-007 75.651 8.6741E-007 66.030 2.4465E-008 65.164 6.2206E-008
69 79.185 6.9450E-008 75.798 3.3234E-007 66.562 1.6637E-008 65.650 1.6413E-007
70 80.644 2.1424E-007 75.830 5.0256E-007 66.817 1.5381E-007 66.020 1.3752E-007
71 81.029 2.6138E-008 76.733 1.0364E-006 68.486 4.1444E-009 66.795 2.4252E-007
72 81.334 1.1347E-007 79.888 4.2455E-007 69.074 5.7855E-008 67.665 1.3559E-008
73 81.911 7.4538E-008 80.108 6.2856E-007 69.214 2.7536E-008 68.011 3.0810E-008
74 83.115 9.4244E-008 81.909 5.1258E-008 70.550 4.8304E-008 68.157 6.4534E-008
75 83.461 1.5224E-007 82.824 1.2287E-006 70.775 1.4771E-008 69.210 1.3544E-007
76 83.683 5.8304E-008 83.356 4.8517E-007 71.490 7.7973E-008 70.418 5.9445E-008
77 84.426 5.7657E-008 85.626 2.4951E-007 72.531 5.9074E-009 70.527 1.5249E-008
78 85.218 3.9978E-008 87.486 2.9662E-007 73.208 5.8452E-008 71.680 4.6407E-008
79 86.004 4.5555E-008 87.721 2.3003E-006 73.255 2.7441E-008 72.650 3.0102E-007
80 86.432 6.1075E-008 87.949 1.2929E-008 73.701 3.1752E-008 73.410 4.0450E-008
81 86.588 1.3923E-007 89.665 1.9216E-006 76.181 9.0524E-009 73.585 2.6206E-007
82 87.064 8.8434E-008 90.577 3.6708E-007 76.632 1.1239E-007 73.770 7.4051E-008
83 87.517 9.6641E-008 90.807 1.0334E-007 77.112 1.5115E-008 75.165 6.8001E-007
84 90.382 8.3972E-008 91.905 6.2384E-008 78.229 8.4785E-009 75.323 8.7276E-008
85 91.466 8.7116E-008 92.319 2.5949E-007 78.527 9.3164E-008 77.367 3.8415E-007
86 92.208 6.6777E-008 92.600 8.0923E-008 79.665 9.6545E-009 77.613 1.6004E-007
87 92.925 1.0648E-007 93.196 1.6114E-006 81.112 5.9639E-008 78.422 2.8869E-008
88 93.198 2.5523E-008 94.917 1.7816E-006 81.125 1.3514E-008 79.187 5.4862E-008
89 94.084 6.8305E-008 95.190 7.5503E-008 81.416 2.5649E-008 80.094 1.1048E-007
90 94.798 5.5089E-008 95.826 5.4135E-008 82.313 4.9433E-008 80.417 5.2911E-008
91 94.860 2.2057E-008 96.139 1.4672E-006 82.619 4.3491E-008 80.742 2.5274E-007
92 96.581 1.2503E-008 97.048 5.2547E-007 82.708 2.1339E-008 80.977 2.5251E-007
93 97.048 8.2044E-009 97.439 6.3924E-008 83.640 1.8090E-007 81.412 1.7911E-007
94 97.202 1.0220E-007 98.831 2.8398E-007 84.402 5.8675E-008 81.510 3.4149E-007
95 98.365 2.7582E-007 98.879 3.4321E-007 85.240 8.3743E-009 81.782 3.1237E-007
96 99.205 1.2356E-007 100.47 9.9736E-008 86.840 2.7602E-007 82.667 3.8941E-007
97 100.04 3.0971E-007 101.51 1.8051E-007 87.098 3.9266E-010 83.564 6.6325E-008
98 103.06 1.5006E-007 101.83 2.1466E-008 87.390 4.6343E-008 83.614 5.1282E-007
99 103.31 5.0562E-007 102.16 4.7901E-008 87.886 8.2900E-009 84.055 2.3725E-007
100 103.91 5.1884E-007 104.21 1.8931E-007 89.387 1.1563E-008 84.170 2.8840E-007
101 106.19 1.0284E-007 104.42 7.1584E-008 89.672 3.4961E-008 84.856 1.7212E-007
102 106.58 2.2197E-007 105.07 5.2913E-008 91.280 2.0469E-008 85.459 1.5388E-007
103 106.77 6.9550E-008 105.18 1.0835E-007 91.586 2.8360E-008 85.641 9.9365E-008
104 107.92 9.0080E-008 107.10 1.1350E-007 91.835 7.4435E-010 85.885 7.3637E-008
105 108.40 1.1513E-007 107.62 3.9032E-008 92.571 2.9086E-008 86.120 8.1652E-008
106 108.48 4.3167E-008 109.42 3.9411E-007 92.742 1.2279E-008 86.591 2.2150E-007
107 111.15 1.0263E-007 110.33 5.7193E-008 92.899 6.4619E-009 87.079 1.6330E-007
108 111.84 1.8084E-007 111.47 4.7477E-007 93.135 4.7828E-009 87.842 1.7683E-007
109 111.86 6.1438E-008 114.06 1.1790E-008 94.189 1.7638E-008 88.488 1.6688E-007
110 112.55 1.7305E-008 114.81 1.4719E-007 95.102 1.1705E-007 89.748 4.1722E-007
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Calculated frequencies and spin-phonon coupling coefficients - continued.
1 2 3 4
[VO(cat)2]2- [V(cat)3]2- [VO(dmit)2]2- [V(dmit)3]2-
α ωα ∂g/∂qα ωα ∂g/∂qα ωα ∂g/∂qα ωα ∂g/∂qα
111 113.60 1.1809E-008 115.50 3.7923E-007 96.263 2.9778E-009 90.208 2.1870E-007
112 114.31 3.7626E-008 116.76 1.4461E-007 96.426 1.0980E-007 91.794 4.3050E-008
113 114.41 1.6799E-007 117.58 2.3533E-007 97.411 2.2726E-008 91.934 4.0672E-008
114 115.93 1.0846E-007 117.97 3.3514E-007 97.864 1.3013E-008 92.068 1.6760E-007
115 116.52 4.2130E-008 119.02 1.8904E-007 98.891 3.9249E-008 93.745 3.3097E-007
116 117.30 3.8520E-009 119.49 2.5784E-006 99.141 1.0598E-007 94.499 2.5405E-007
117 118.46 2.3980E-007 119.84 8.6115E-007 99.398 1.8361E-008 94.689 7.7525E-008
118 118.66 2.1480E-007 121.04 2.4371E-007 101.04 1.0469E-008 96.255 6.8783E-008
119 120.59 9.3138E-008 121.36 3.9478E-008 101.82 2.4965E-008 96.651 1.6860E-007
120 121.18 7.4830E-008 121.42 2.2927E-007 103.61 6.8211E-008 96.900 5.0700E-008
121 122.88 9.8126E-008 121.91 7.2945E-007 104.41 6.4282E-008 98.283 2.1139E-007
122 122.94 5.8954E-008 123.38 4.4736E-006 104.64 7.5097E-008 99.400 3.1874E-007
123 123.29 5.5598E-009 123.64 9.9337E-007 105.61 7.5986E-009 100.21 4.1129E-008
124 123.71 3.7085E-008 124.30 5.9850E-007 106.53 1.8958E-008 100.59 5.8462E-009
125 123.74 5.1999E-009 124.78 1.1200E-006 107.08 8.2679E-008 101.78 1.2759E-007
126 124.72 8.8733E-008 125.54 6.6397E-007 107.31 6.9508E-008 102.16 6.0187E-008
127 124.95 4.5834E-008 126.18 2.1057E-006 108.04 4.3097E-008 103.46 9.2810E-008
128 125.12 1.2335E-007 127.15 4.6565E-006 108.70 3.8089E-008 105.10 2.0548E-007
129 125.29 1.4935E-007 128.38 7.6166E-008 108.79 1.3685E-008 105.75 1.3222E-007
130 127.35 3.4954E-008 129.47 5.4811E-006 109.62 8.3487E-008 106.25 5.1617E-007
131 127.57 1.2550E-008 129.90 4.3866E-006 109.67 2.4483E-009 106.40 4.2170E-008
132 130.10 7.2201E-008 130.80 5.5172E-007 110.67 4.1187E-008 106.85 7.2209E-008
133 130.40 3.6390E-008 131.05 2.9497E-007 111.52 1.2299E-007 107.35 1.7269E-007
134 130.65 4.3801E-008 132.06 8.3939E-008 112.44 4.1733E-008 107.74 2.1562E-007
135 131.55 1.1103E-008 133.48 4.7635E-007 113.06 1.2866E-007 108.05 4.5165E-007
136 131.82 4.2597E-008 134.85 1.0144E-005 114.89 4.6956E-008 109.34 5.4245E-008
137 134.50 3.4916E-007 136.02 1.9876E-006 116.20 1.1254E-007 110.94 1.3189E-007
138 134.78 2.0070E-007 136.68 8.6785E-007 116.50 2.3064E-008 111.13 1.6893E-007
139 135.69 1.7387E-007 137.18 6.6807E-007 117.15 3.4071E-009 111.88 4.1826E-007
140 136.12 2.5568E-007 137.50 1.8326E-006 117.60 5.5938E-008 113.36 9.2047E-008
141 136.48 4.8241E-008 138.10 3.4136E-007 117.78 3.2456E-008 113.61 2.2144E-007
142 136.93 3.5804E-007 138.40 1.5630E-008 118.59 4.9689E-008 113.83 1.0354E-007
143 139.23 1.4153E-007 138.68 5.2550E-007 119.10 3.2282E-008 114.30 2.2528E-007
144 141.09 1.7739E-008 139.07 5.1891E-007 119.88 4.4566E-008 115.59 9.1297E-008
145 141.66 8.6569E-008 141.07 6.7591E-007 121.44 8.0598E-009 115.97 3.6833E-008
146 144.00 1.9972E-007 141.68 3.8169E-007 121.87 5.8940E-008 116.42 8.8388E-008
147 144.47 1.5744E-007 142.98 5.0383E-007 122.86 8.6349E-008 117.13 1.1565E-007
148 144.76 1.0420E-007 144.50 3.5816E-006 122.98 8.0471E-009 121.13 7.2716E-008
149 149.88 1.2071E-007 145.46 4.6697E-006 123.51 5.6255E-008 122.23 3.5307E-007
150 149.93 2.7364E-007 145.83 2.0740E-007 123.92 4.3451E-008 122.25 7.4984E-008
151 149.98 1.8576E-007 146.20 2.2304E-006 124.06 9.5619E-008 122.59 5.4382E-007
152 150.17 8.5407E-008 146.76 9.3230E-007 124.47 4.3329E-008 123.99 2.2774E-007
153 153.15 1.7017E-007 147.84 2.2027E-006 125.14 5.3109E-008 124.77 1.7743E-007
154 154.67 1.4724E-007 148.90 1.3470E-006 127.43 5.2858E-008 125.19 3.4310E-007
155 157.23 4.7279E-008 149.71 1.2684E-005 128.52 2.1610E-008 126.35 4.6646E-007
156 157.24 1.6179E-008 150.07 2.0437E-006 129.62 1.7962E-008 127.43 3.3358E-007
157 159.03 4.1335E-008 150.34 8.7100E-006 130.44 2.6786E-008 128.06 2.4175E-008
158 159.34 1.0578E-008 152.42 6.8707E-007 131.38 3.3153E-008 128.47 2.5082E-007
159 160.87 2.6653E-008 152.74 1.2886E-007 132.75 2.2052E-008 128.48 2.3027E-007
160 161.18 5.6778E-008 153.64 1.7213E-007 133.03 1.1237E-007 128.86 2.0403E-007
161 180.12 6.0701E-007 155.07 1.7481E-006 133.26 2.2332E-008 129.73 3.0651E-007
162 180.81 6.9567E-007 156.50 1.4892E-006 134.53 6.9493E-008 129.85 1.9849E-007
163 183.80 5.1321E-007 156.89 2.2767E-006 135.20 1.0280E-007 130.30 1.8573E-007
164 184.30 6.7579E-007 158.60 1.5564E-007 136.48 5.4106E-008 130.44 1.9661E-007
165 187.73 9.3871E-007 161.71 8.7129E-007 138.55 2.0258E-008 130.72 7.4480E-008
166 188.14 1.2139E-006 165.54 2.2705E-006 139.63 3.0572E-008 131.37 5.3281E-007
167 188.93 7.9761E-007 165.72 5.9740E-007 139.81 4.3901E-008 131.76 3.6521E-007
168 189.11 1.0628E-006 168.56 4.7799E-008 142.39 3.0401E-008 132.62 7.3466E-008
169 191.47 3.9424E-007 174.21 7.0814E-007 142.47 4.5018E-008 133.61 1.5626E-007
170 191.77 4.6398E-007 174.50 1.4536E-006 142.59 8.7769E-008 133.83 1.9649E-007
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Calculated frequencies and spin-phonon coupling coefficients - continued.
1 2 3 4
[VO(cat)2]2- [V(cat)3]2- [VO(dmit)2]2- [V(dmit)3]2-
α ωα ∂g/∂qα ωα ∂g/∂qα ωα ∂g/∂qα ωα ∂g/∂qα
171 191.98 5.1027E-007 178.69 9.7211E-007 143.10 5.8712E-008 134.41 6.4160E-008
172 192.20 3.8716E-007 188.48 7.8091E-008 144.96 6.9888E-008 135.21 1.3043E-007
173 193.17 3.5103E-008 190.36 2.1344E-006 146.10 1.7930E-008 136.28 2.1810E-007
174 193.38 7.4840E-008 190.91 5.5303E-006 147.06 2.3262E-008 136.63 2.4052E-007
175 193.48 1.5443E-007 191.90 7.5185E-006 147.56 3.5861E-008 137.32 1.7731E-007
176 193.49 2.1065E-007 193.42 1.4246E-005 148.00 1.1144E-008 137.39 2.1430E-007
177 197.38 1.6283E-008 193.78 6.2724E-007 153.84 5.5581E-008 137.92 6.7053E-007
178 197.70 2.5433E-009 194.01 1.1373E-006 155.13 2.5856E-008 139.12 4.5381E-007
179 198.73 1.0857E-007 194.27 9.7570E-006 155.46 3.9088E-008 139.36 9.0578E-007
180 198.75 9.3293E-008 194.97 1.0148E-007 155.60 3.3183E-008 139.60 3.4031E-007
181 200.52 1.9381E-008 195.32 4.6722E-006 157.36 9.2393E-008 141.25 2.1137E-007
182 200.66 1.0080E-008 197.22 1.7334E-007 157.37 7.3836E-008 142.69 1.0022E-006
183 202.67 1.2041E-008 197.39 3.4150E-006 158.31 9.2318E-008 142.77 3.5083E-007
184 202.74 2.8567E-008 197.98 8.5009E-006 159.25 7.9055E-008 143.26 1.4197E-006
185 204.07 7.4868E-008 198.51 1.6287E-005 171.69 5.0183E-007 144.27 7.2880E-007
186 204.48 6.5525E-008 198.97 7.7767E-006 173.32 5.1355E-007 145.53 1.9361E-007
187 205.00 3.6891E-008 203.93 1.6880E-006 174.26 5.4860E-007 145.96 9.1894E-007
188 205.29 4.5090E-008 204.60 2.3339E-006 174.40 5.6319E-007 147.24 7.9819E-007
189 210.39 5.6369E-008 204.90 1.8237E-006 183.46 4.9002E-009 147.35 5.0586E-007
190 210.60 5.3326E-008 205.71 3.1339E-006 184.59 1.8819E-008 149.50 3.4954E-007
191 211.89 2.9798E-008 207.67 1.1584E-005 185.25 6.9432E-008 150.03 1.9594E-007
192 212.34 2.9970E-008 207.90 7.8781E-006 186.47 1.0517E-009 150.71 3.1720E-007
193 213.69 3.3714E-007 208.54 1.3504E-005 186.55 4.7237E-008 151.13 7.5874E-007
194 213.80 3.6879E-007 210.38 5.9826E-006 186.59 4.5904E-008 152.17 9.7484E-007
195 214.84 2.5518E-007 210.61 7.3747E-006 187.02 1.6462E-008 152.25 3.4463E-007
196 215.38 2.9090E-007 212.28 6.5471E-006 187.31 6.8642E-010 153.98 9.4851E-007
197 224.71 1.9642E-006 213.97 2.7585E-006 188.77 2.9942E-008 154.25 1.0741E-006
198 224.77 1.9668E-006 215.21 3.4914E-006 190.04 2.9170E-008 154.90 7.6544E-008
199 225.09 2.0068E-006 215.61 3.5717E-007 190.41 4.1011E-008 155.56 1.0832E-006
200 225.27 1.9919E-006 215.76 2.9846E-006 191.32 6.6322E-007 156.60 5.3060E-007
201 240.81 8.2396E-008 215.79 3.3112E-006 191.36 6.6010E-007 156.95 3.4819E-007
202 241.80 8.2823E-008 215.86 1.0394E-006 192.01 5.1191E-007 158.99 9.9168E-007
203 241.84 2.3065E-008 216.19 4.5315E-006 192.04 6.0659E-007 159.02 5.5241E-007
204 242.52 4.1321E-008 217.66 1.1699E-006 192.93 2.8889E-007 161.98 3.4182E-007
205 244.37 4.6104E-009 218.26 1.8572E-006 194.49 2.9199E-007 162.01 9.2527E-007
206 246.16 3.2731E-008 219.72 2.0147E-006 195.01 2.3306E-007 162.09 8.4655E-007
207 248.82 2.9591E-007 220.24 3.8227E-006 195.19 4.2549E-008 164.99 8.2764E-007
208 249.12 3.1704E-007 220.70 1.9433E-006 195.55 2.1268E-007 166.04 6.4237E-007
209 249.76 7.3280E-007 228.66 3.0349E-006 195.84 4.5571E-007 166.87 9.9949E-007
210 249.90 7.1966E-007 229.75 3.6739E-006 196.00 3.6546E-007 170.86 1.5259E-007
211 250.33 3.8932E-007 230.32 7.0557E-006 196.87 1.1579E-007 171.20 4.6035E-008
212 250.73 4.1167E-007 230.98 2.4012E-007 197.35 6.0593E-007 171.79 7.1667E-007
213 253.77 2.2905E-007 232.61 3.8977E-006 197.56 6.1675E-008 174.71 1.8749E-006
214 253.99 4.0914E-008 233.19 4.1034E-006 197.68 2.9542E-010 175.40 1.1725E-006
215 254.18 5.2875E-008 234.62 3.5977E-006 198.89 2.0454E-007 175.57 1.2033E-006
216 254.25 1.9810E-007 234.82 3.2734E-006 199.53 3.3551E-008 177.09 1.5447E-006
217 256.29 1.2556E-008 241.72 5.6143E-007 200.22 2.6547E-008 183.37 9.3929E-008
218 256.91 2.6775E-008 242.19 2.1014E-007 200.36 3.0343E-009 184.86 3.5974E-008
219 257.38 1.7291E-007 243.02 2.7904E-006 200.93 9.3171E-009 186.54 5.0202E-008
220 257.44 1.7607E-007 243.51 9.7616E-007 201.89 2.2013E-008 188.37 5.7220E-008
221 258.67 1.8369E-007 243.60 6.0704E-008 238.54 1.8075E-007 191.62 7.1535E-008
222 258.68 1.4162E-007 244.47 4.6374E-006 238.63 1.0778E-007 191.64 5.9602E-009
223 259.50 8.1225E-008 244.56 1.7448E-006 240.68 5.3495E-007 191.71 6.8937E-008
224 260.23 8.0417E-008 244.85 2.7443E-006 241.10 6.6001E-007 192.83 8.9936E-008
225 261.39 2.2709E-008 245.49 7.6219E-006 241.18 5.2565E-007 193.92 5.3117E-008
226 261.67 2.4840E-008 246.15 1.1672E-005 241.36 5.4115E-007 194.83 2.1631E-008
227 261.91 4.7062E-008 247.49 6.8944E-006 242.00 2.4276E-008 195.17 9.8798E-009
228 262.44 4.1428E-009 247.63 6.8983E-006 242.32 5.0445E-008 195.25 4.4480E-008
229 262.72 9.1651E-009 250.69 7.8885E-006 243.29 8.8984E-009 195.35 3.2451E-008
230 263.84 4.9713E-008 251.02 7.7284E-007 243.47 1.9803E-008 196.08 8.2544E-008
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Calculated frequencies and spin-phonon coupling coefficients - continued.
1 2 3 4
[VO(cat)2]2- [V(cat)3]2- [VO(dmit)2]2- [V(dmit)3]2-
α ωα ∂g/∂qα ωα ∂g/∂qα ωα ∂g/∂qα ωα ∂g/∂qα
231 263.88 1.6685E-008 251.42 2.2277E-008 244.38 5.7762E-008 196.15 2.6179E-008
232 263.96 4.3072E-009 251.88 3.0495E-006 244.46 8.0996E-008 196.52 4.4193E-008
233 264.91 7.2602E-008 251.97 1.7743E-006 245.44 3.0421E-008 197.87 1.0086E-008
234 264.92 3.2670E-008 252.59 1.8240E-007 245.69 2.1594E-008 198.14 1.1862E-007
235 266.16 3.2434E-008 252.86 8.5685E-009 246.12 4.8374E-008 198.27 1.0119E-008
236 266.72 4.7487E-009 253.58 3.9226E-007 246.14 7.4376E-009 199.76 4.5887E-008
237 271.24 3.4938E-007 253.94 7.3693E-008 246.72 7.6149E-010 204.45 1.6502E-008
238 271.24 3.6055E-007 255.23 2.7174E-007 246.94 1.3805E-007 205.73 8.7199E-008
239 271.36 3.6086E-007 255.30 1.8803E-006 247.31 5.2186E-008 208.08 1.8731E-008
240 271.86 3.2774E-007 255.91 8.9943E-007 247.57 2.9305E-008 208.36 5.2308E-008
241 275.08 2.3280E-007 256.10 6.6696E-006 247.57 7.3042E-010 211.51 1.4888E-008
242 275.11 2.1776E-007 256.57 9.8427E-007 247.95 3.0840E-008 212.68 8.1302E-009
243 276.85 3.8949E-007 257.17 1.4990E-006 247.99 3.2773E-008 213.88 1.0559E-008
244 277.26 3.8791E-007 257.29 3.3981E-007 248.25 2.8349E-009 213.92 5.1461E-009
245 279.83 4.8297E-008 262.62 2.8130E-007 254.78 1.6226E-008 227.97 8.4154E-008
246 280.31 7.9446E-008 262.86 6.9088E-007 255.09 1.7983E-008 228.61 2.4206E-007
247 280.34 3.7135E-008 263.72 1.6051E-007 255.75 1.4088E-009 229.39 3.4078E-008
248 280.49 7.0714E-008 263.97 2.1567E-007 256.13 2.1532E-008 229.74 2.2690E-007
249 281.17 6.9719E-007 265.35 6.1549E-008 256.22 1.6813E-008 230.64 2.1732E-007
250 281.33 6.2095E-007 265.62 8.1056E-009 257.60 3.2737E-009 231.11 3.6046E-007
251 282.04 6.9302E-007 265.86 1.5758E-007 257.96 6.8931E-010 231.30 3.2681E-007
252 282.67 8.2543E-007 266.37 2.9375E-008 258.03 3.9636E-009 231.35 1.9211E-007
253 287.64 1.5612E-008 266.99 6.8812E-007 258.17 4.8463E-009 233.56 3.4049E-007
254 287.77 1.2599E-007 267.31 1.2426E-007 258.39 4.1436E-010 234.11 3.6399E-007
255 288.43 4.8708E-008 267.53 8.2087E-009 258.53 1.6700E-009 235.07 3.0707E-007
256 288.75 1.8501E-008 267.55 1.9774E-008 259.04 1.2927E-008 236.35 2.9367E-007
257 292.48 1.7712E-008 268.47 8.5795E-008 259.32 8.1486E-011 238.96 2.1996E-008
258 292.52 1.9020E-008 268.57 3.4090E-007 259.74 2.2842E-009 240.30 1.0955E-008
259 292.78 3.6965E-008 268.68 2.5389E-007 259.93 4.8110E-009 242.60 4.8192E-008
260 293.06 6.4495E-008 269.30 5.7865E-008 260.23 7.9404E-010 244.26 5.6077E-008
261 329.86 2.7928E-007 274.18 2.1318E-007 260.26 6.2693E-009 249.83 1.1872E-006
262 329.92 2.8298E-007 274.23 3.3341E-008 260.64 1.3531E-008 250.06 1.2695E-006
263 329.96 2.7815E-007 274.60 3.1373E-008 260.82 1.4831E-009 250.74 1.1573E-006
264 330.04 2.8294E-007 275.67 3.4051E-007 261.68 4.0306E-009 250.94 1.1308E-006
265 345.93 7.1460E-007 276.13 3.9288E-009 266.79 4.6512E-009 253.07 2.6612E-007
266 345.96 7.0947E-007 276.79 2.6629E-007 267.60 1.8068E-009 253.25 2.4102E-007
267 346.02 7.0084E-007 276.82 9.7962E-009 268.30 1.0538E-008 253.40 2.1782E-007
268 346.12 7.0089E-007 277.38 1.0839E-008 268.64 5.0423E-010 253.68 1.5026E-007
269 366.88 9.3382E-007 277.75 2.1118E-009 269.18 7.8565E-010 254.20 1.4559E-007
270 367.32 9.3576E-007 286.21 1.5891E-007 269.31 1.5366E-009 254.97 9.2662E-007
271 367.85 9.2835E-007 286.51 1.0124E-007 270.46 2.5453E-009 254.98 5.7108E-007
272 367.90 9.3357E-007 287.39 7.2101E-008 270.75 3.1261E-009 255.43 6.8547E-007
273 386.66 6.6103E-009 287.76 1.4342E-008 271.95 4.3536E-008 255.43 9.3919E-007
274 386.66 6.3600E-009 288.56 1.9836E-007 272.08 4.5560E-008 255.48 7.8432E-007
275 386.82 2.4200E-009 288.64 1.4658E-007 272.54 2.7847E-008 255.57 1.5127E-006
276 386.84 3.6613E-009 290.12 6.3410E-008 272.76 3.7627E-008 256.08 3.2037E-008
277 387.97 1.8677E-009 290.48 5.8046E-009 287.52 4.3717E-008 256.43 1.2728E-007
278 388.11 1.9326E-009 298.84 1.0202E-008 287.64 1.8765E-009 257.19 1.4175E-007
279 388.26 4.2620E-009 303.45 6.2593E-010 287.92 1.3081E-008 257.75 5.2238E-007
280 388.39 2.8464E-009 320.83 4.1497E-006 287.98 2.7041E-009 258.45 6.8391E-008
281 391.57 1.0680E-009 322.32 3.2779E-006 288.25 3.7877E-009 258.49 1.0607E-008
282 391.80 2.2883E-009 328.25 1.3896E-008 288.44 2.4528E-008 259.34 5.1027E-008
283 391.86 3.0748E-008 331.01 9.8498E-006 288.63 5.0703E-010 260.32 7.5671E-008
284 392.04 2.8284E-008 331.45 1.1154E-005 288.70 3.5557E-010 260.39 3.6588E-008
285 392.86 5.7008E-009 331.45 2.2037E-005 289.54 2.5647E-008 261.10 5.3493E-008
286 393.21 1.5620E-008 335.37 1.9940E-005 289.85 1.6632E-008 261.35 8.9406E-008
287 393.37 4.4897E-008 336.17 1.7194E-007 290.42 3.0090E-009 261.60 3.0801E-007
288 393.49 6.2764E-008 337.56 1.9272E-009 290.51 6.4828E-009 261.93 4.9173E-008
289 393.81 1.6158E-008 340.08 1.8906E-009 291.71 1.3461E-007 261.97 4.2707E-007
290 393.87 8.0449E-009 349.09 3.9168E-010 291.73 1.1278E-007 262.25 2.3761E-009
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Calculated frequencies and spin-phonon coupling coefficients - continued.
1 2 3 4
[VO(cat)2]2- [V(cat)3]2- [VO(dmit)2]2- [V(dmit)3]2-
α ωα ∂g/∂qα ωα ∂g/∂qα ωα ∂g/∂qα ωα ∂g/∂qα
291 394.99 1.8826E-009 352.94 3.4144E-008 292.05 1.1396E-007 262.71 8.3423E-008
292 395.02 2.7115E-009 360.62 1.9746E-006 292.90 1.1072E-007 263.22 2.8865E-008
293 398.97 7.1517E-010 361.92 1.6501E-006 321.51 1.2392E-007 263.39 4.3057E-007
294 399.10 2.9424E-010 385.22 1.4070E-007 321.63 9.9861E-008 263.94 4.6892E-007
295 399.12 2.0646E-009 386.21 2.5579E-009 321.68 2.1451E-007 264.21 1.2473E-007
296 399.52 2.1152E-009 386.89 5.1078E-008 321.80 2.1361E-007 264.79 9.4583E-008
297 406.53 4.6229E-007 387.05 9.0680E-008 322.38 1.6842E-007 266.98 1.6420E-008
298 406.64 7.3818E-007 387.42 1.1577E-008 322.50 1.9508E-007 267.66 3.7313E-008
299 406.81 6.1140E-007 387.66 9.0464E-009 323.22 7.4303E-008 268.00 1.7615E-008
300 406.92 7.6441E-007 388.44 1.2779E-007 323.32 7.2305E-008 268.11 1.9330E-009
301 407.75 1.2410E-007 388.83 1.7950E-008 327.38 1.4749E-007 269.03 2.9241E-008
302 408.49 2.8759E-007 389.32 1.5605E-009 328.15 1.4237E-007 269.05 1.5038E-008
303 409.45 4.0014E-009 390.14 1.5073E-008 328.82 1.4439E-007 269.45 3.5371E-008
304 409.68 1.0381E-008 391.23 1.5746E-008 330.47 1.4171E-007 271.36 2.8361E-008
305 413.14 4.5750E-009 391.61 1.8808E-008 353.93 5.5707E-008 274.41 8.4533E-008
306 413.77 3.1952E-009 394.75 3.6652E-008 353.95 5.5348E-008 274.68 7.3827E-008
307 414.18 1.5696E-009 394.81 1.7944E-009 354.48 5.7394E-008 274.83 1.5120E-007
308 414.65 5.5673E-009 394.95 2.3468E-008 354.52 5.9667E-008 274.95 1.0778E-007
309 426.85 1.3436E-009 395.07 2.5746E-008 376.47 2.0625E-007 276.49 2.8044E-008
310 426.88 5.3541E-010 396.07 1.9000E-009 376.57 1.9343E-007 277.03 1.6389E-008
311 427.51 5.6715E-010 399.77 1.5210E-008 377.00 1.8867E-007 277.39 3.2679E-008
312 427.58 6.6787E-010 399.84 3.1999E-007 377.05 1.9995E-007 278.75 1.5631E-008
313 428.75 1.4411E-008 400.37 6.9648E-008 383.33 1.1296E-007 279.89 3.7612E-007
314 428.99 1.0311E-009 400.69 2.0309E-008 383.61 1.0042E-007 280.30 3.8848E-007
315 429.34 9.4996E-009 400.94 2.7034E-007 383.70 9.6314E-008 280.90 3.1385E-007
316 429.40 9.5756E-010 401.90 1.8213E-009 384.13 1.1637E-007 281.37 3.0747E-007
317 434.66 1.5688E-009 402.21 2.3178E-008 387.51 3.9726E-008 291.80 6.9059E-009
318 434.82 3.2561E-009 402.77 7.1457E-008 387.62 3.8856E-008 292.08 2.0994E-009
319 434.90 4.8442E-010 403.38 6.6511E-007 388.34 3.7795E-008 293.33 7.4716E-009
320 434.95 6.4826E-010 403.86 5.2060E-007 388.41 3.6935E-008 293.63 2.0487E-008
321 438.66 6.1907E-011 403.92 3.3117E-008 390.97 1.0406E-010 294.02 1.4756E-008
322 438.73 1.4032E-010 404.22 4.3434E-008 391.54 3.3443E-009 294.53 3.7001E-008
323 440.58 3.7124E-010 404.87 6.7443E-007 392.32 2.1182E-009 295.32 2.3920E-008
324 440.63 4.5393E-010 405.55 1.6963E-007 392.43 7.4768E-010 295.37 4.3229E-008
325 447.27 5.7540E-008 406.64 3.5433E-007 392.72 1.3288E-009 305.51 4.3161E-006
326 447.40 4.8382E-008 407.16 6.3086E-009 393.15 2.3448E-010 306.39 4.3765E-006
327 447.42 5.6155E-008 410.56 2.4774E-005 393.52 9.2514E-010 308.08 4.4462E-006
328 447.54 5.1256E-008 411.24 1.4097E-005 393.94 1.6952E-010 308.20 4.5791E-006
329 449.68 1.6560E-008 411.24 2.2824E-005 393.96 6.9487E-010 310.01 2.3526E-006
330 449.77 1.8271E-008 411.90 2.2147E-005 394.27 8.2713E-009 310.18 2.3415E-006
331 450.20 3.0157E-008 429.91 2.0983E-007 394.58 1.0668E-009 310.54 2.2680E-006
332 450.33 3.4849E-008 429.97 3.6394E-008 394.76 3.4646E-009 310.60 2.4550E-006
333 450.93 3.8846E-009 430.45 3.0378E-007 395.04 7.5814E-010 313.44 5.4890E-006
334 451.03 8.8625E-009 430.80 3.3928E-007 395.09 2.9306E-009 313.64 5.3825E-006
335 452.13 3.3724E-009 431.45 7.7721E-008 396.29 7.9198E-011 314.01 5.2625E-006
336 452.17 3.9223E-009 431.50 1.9290E-008 396.72 1.2596E-009 314.48 5.0681E-006
337 455.63 1.4202E-007 431.61 1.5780E-008 396.79 1.3052E-010 332.90 1.3024E-006
338 455.70 1.3250E-007 431.67 1.4447E-007 396.99 2.0238E-009 333.45 1.3658E-006
339 456.14 1.2628E-007 433.35 1.2007E-008 397.36 6.8142E-009 333.55 1.2182E-006
340 456.23 1.2311E-007 434.53 3.6674E-007 397.47 6.0714E-010 334.20 1.2945E-006
341 463.97 1.4644E-008 434.81 3.1464E-009 397.87 4.0151E-009 335.62 7.6011E-007
342 464.25 2.8344E-009 435.26 2.1720E-008 397.94 3.3310E-009 336.03 7.5385E-007
343 464.29 4.6833E-009 436.34 3.2522E-008 398.34 4.0745E-009 336.33 6.5141E-007
344 464.50 1.8785E-008 436.52 8.3185E-008 398.59 2.1454E-009 336.45 7.0230E-007
345 467.29 1.3066E-009 437.52 1.6970E-007 399.15 1.1624E-008 350.32 1.1264E-007
346 467.44 1.2431E-009 437.82 3.9028E-009 399.66 1.9877E-008 350.47 1.0728E-007
347 467.65 7.8756E-009 438.23 3.5937E-009 400.07 2.2283E-008 351.21 7.7433E-008
348 468.07 1.6064E-009 438.58 2.1491E-007 400.89 1.2019E-008 351.26 7.6952E-008
349 496.77 2.8014E-006 438.97 5.3082E-008 402.06 7.7306E-010 356.63 1.2885E-006
350 497.15 2.7856E-006 440.40 2.6198E-007 402.77 1.1511E-009 356.80 1.2749E-006
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